CoSi 2 was grown on the Si͑001͒ surface by solid-phase reaction. Its transformation from elemental Co/Si͑001͒ was complete after a 700°C anneal, as followed from the reflection high-energy electron diffraction analysis. Scanning tunneling microscopy observations of the resulting surface revealed a variety of atomic reconstructions, some apparent only under bias-dependent imaging conditions. Particularly striking was the appearance of alternating (3ͱ2ϫ2ͱ2) 7 that predict periodic stripes to be the lowestenergy domain pattern. In a more general case, involving both the stress and the composition effects, competition between chemical interactions favoring phase separation, and elastic interactions favoring alloying, may create a compositionally modulated wave. 8 CoSi 2 is attractive for self-aligned silicide applications due to its low electrical resistivity and excellent lattice match with Si. CoSi 2 (001) surfaces reconstruct in a variety of ways, such as c(4ϫ4) ͓aka (2ͱ2ϫ2ͱ2)-R45°͔, 9 c(2 ϫ2) ͓aka (ͱ2ϫͱ2)-R45°͔, 9,10 (3ͱ2ϫͱ2)-R45°, 10 and a metastable (2ϫ2) transient between C and S surfaces.
Phase separation on surfaces, in the shape of striped nanopatterns or so-called self-assembled lateral multilayers ͑SALMs͒, is scientifically fascinating and technologically important. For example, SALMs of Fe ͑or Co͒ and Ag, which are immiscible in the bulk, form Fe͑Co͒ Ag 1Ϫ alloy films on the Mo͑110͒ surface and exhibit significant anisotropic magnetoresistance. 1, 2 Striped patterns have been observed even on clean elemental surfaces. 3, 4 Thus in the simplest case the SALM stripes may differ only in their state of stress, and can be treated by the continuum elasticity models developed in the seminal works of Marchenko 5, 6 and Alerhand et al. 7 that predict periodic stripes to be the lowestenergy domain pattern. In a more general case, involving both the stress and the composition effects, competition between chemical interactions favoring phase separation, and elastic interactions favoring alloying, may create a compositionally modulated wave. 8 CoSi 2 is attractive for self-aligned silicide applications due to its low electrical resistivity and excellent lattice match with Si. CoSi 2 (001) surfaces reconstruct in a variety of ways, such as c(4ϫ4) ͓aka (2ͱ2ϫ2ͱ2)-R45°͔, 9 c(2 ϫ2) ͓aka (ͱ2ϫͱ2)-R45°͔, 9 ,10 (3ͱ2ϫͱ2)-R45°, 10 and a metastable (2ϫ2) transient between C and S surfaces. [9] [10] [11] Phase separation into patches of pure Co and a bare Si͑111͒ substrate 12 is different from the separation into two CoSi 2 variants found in this work. Here, 2-3 monolayers of Co were evaporated onto a Si͑001͒ sample mounted in the variable-temperature scanning tunneling microscope ͑STM͒ stage at room temperature in ultrahigh vacuum, and subsequently annealed at elevated temperature to promote CoSi 2 formation. This solid-phase reaction was complete after a 700°C anneal, confirmed by observing the familiar (ͱ2 ϫͱ2)-R45°reconstruction, bound by straight step edges, in reflection high-energy electron diffraction ͑RHEED͒ and STM. 13 In addition, curved-edge terraces showing a faint stripe structure even at low magnifications were detected, as shown in Fig. 1͑a͒ . Atomic-resolution images under arbitrary bias conditions, such as in Figs. 1͑b͒ and 1͑e͒ , appear rather homogeneous and do not reveal the true nature of this structure, which could only be fully appreciated in the filled-states images, at negative sample biases у͉0.25 V͉. Spatial contrast variations begin to show at Ϫ0.4 V ͓Fig. 1͑c͔͒ and are best seen at Ϫ1.5 V ͓Fig. 1͑d͔͒ as two differently reconstructed stripe domains, ''zig-zag'' on the left, and ''zipper'' on the right, with a Ϸ64 Å modulation period. Within the uncertainty of a STM measurement ͓calibrated on the bare (2ϫ1)-Si(001) and (ͱ2ϫͱ2)-R45°-CoSi 2 (001) surfaces͔, the zig-zag pattern exhibited 16.11 Åϫ10.74 Å two-dimensional ͑2D͒ unit cell ͑u.c.͒, corresponding to the triple and double periodicity along the mutually perpendicular ͗100͘ directions, i.e., 3•5.37 Åϫ2•5.37 Å ϭ(3•aͱ2ϫ2•aͱ2)-R45°. The zipper pattern measured quadruple and double periodicity along the same ͗100͘ directions, i.e., 21.48 Åϫ10.74 Åϭ4•5.37 Åϫ2•5.37 Åϭ͑4•aͱ2 ϫ2•aͱ2͒-R45°. Thus despite the apparent hexagonal or quasihexagonal symmetry ͑normally associated with ͕111͖ and ͕110͖ surfaces͒, the u.c. dimensions were more consistent with the ͑001͒ surface. Due to the subtle and highly localized nature of the SALM, fast Fourier transform ͑FFT͒ ͑Image SXM software by S. Barrett͒ proved more effective than RHEED and low-energy electron diffraction in resolving its complex superposed nature in reciprocal space, that showed at least two interpenetrating patterns ͓see terraces. 10 The models proposed in this work for the observed (3ͱ2ϫ2ͱ2)-R45°and (4ͱ2ϫ2ͱ2)-R45°structures are based on the mixture of C-type and S-type CoSi 2 ͕001͖ surfaces, consisting of one and two Si adlayers, respectively, on top of the Co-terminated bulk u.c., 10 as superimposed on the experimental STM image in Fig. 1͑g͒ . Accordingly, the respective Si coverages ͑or surface concentrations͒ would be (3ͱ2ϫ2ͱ2)-R45°ϭ4/24ϭ1/6, and (4ͱ2ϫ2ͱ2)-R45°ϭ 4/32ϭ1/8. In the light of varying brightness of the protrusions, the presence a certain amount of Co in the top layers cannot be ruled out. 11 These reconstructions can be obtained have suggested 1/ͱ2-shifts of every second and third atomic row along the ͓010͔ direction of the initially (ͱ2 ϫͱ2)-R45°-reconstructed surface to explain the formation of the (3ͱ2ϫͱ2)-R45°reconstruction. 10 Similarly, a (4ͱ2 ϫ2ͱ2)-R45°͓Figs. 2͑c͒-2͑d͔͒ can be obtained from the (2ϫ2) reconstruction ͓bottom of Fig. 2͑b͔͒ by shifting every third and fourth atomic row along ͓010͔ direction by ͱ 2, as shown in Fig. 2͑c͒ .
Such a fine SALM structure can be induced either by a surface stress anisotropy, 7 and/or by atomic diffusion when concentration gradients due to different elements or alloys are present at the surface. 14, 15 Surface atoms are always stressed due to undercoordination, even in the absence of heteroepitaxial mismatch. This stress, and the resulting elastic energy, can be relaxed by creating domains with differently oriented stress tensors, due to deformation of these domain walls by the series of interacting force multipoles creating a line force at the wall. [3] [4] [5] [6] [7] The free energy per unit area, can be expressed as
where p is the relative domain population, ␥'s are the free surface energies of the domains, E wall is the domain wall energy, Cϭ(1Ϫ) f 2 /(2) is the elastic energy term that includes the surface stress anisotropy f ϭ⌬, is the SALM period, and a 0 ϭ3.79 Å is the surface lattice constant. Minimization with respect to yields the equilibrium period ϭ2a 0 exp͓(E wall /C)ϩ1͔/ sin(p). The relative populations measured in this experiment were pϭ0.4 for the (3ͱ2ϫ2ͱ2)-R45°domains, and hence, 1Ϫpϭ0.6 for the (4ͱ2ϫ2ͱ2)-R45°domains, with an average periodicity ϭ64Ϯ7 Å. The larger relative population of the (4ͱ2 ϫ2ͱ2)-R45°in the SALM, and the fact that it could be observed even outside the SALM ͓cf. Fig. 2͑d͔͒ , implies its somewhat higher energetic stability. Because the CoSi 2 Poisson ratio, , and shear modulus, , are known ͑at least for the bulk͒, by knowing one of the quantities, either E wall or f, the other quantity can be found. Neither, however, is known in this case. Regardless, it can be concluded that E wall ӶC, because then Ϸ2a 0 e/ sin(p)Ϸ68 Å, in excellent agreement with the experimentally measured of 64 Å! At heterogeneous surfaces, where several chemically distinct species are present, 2D phase separation can be treated in the framework of surface-modified Cahn-Hilliard theory of spinodal decomposition. 14, 15 The excess free energy of the system, including all the effects of intermixing, surface stress, and mismatch-induced, i.e., bulk, stress ͑for pseudomorphic layers͒, can be conveniently broken into bulk-elastic and surface energy terms, Gϭ͐ W dV ϩ͐ ⌫ dA. The elastic energy density, W, has its usual quadratic in strains form in continuum elasticity, and surface energy density, ⌫, depends on concentration, c, and includes the entropic effects of intermixing, domain wall energy, and surface stress
Three-dimensional bulk indices, ij, run from 1 to 3, 2D surface indices, ␣␤, run from 1 to 2, and a comma in an index denotes partial differentiation with respect to a spatial coordinate. E Y designates Young modulus and stands for the strains. g(c) has the meaning of the surface free energy density in the absence of bulk strains and includes the entropy and enthalpy of mixing, the second term, h(c) represents the domain wall energy, and f ␣␤ (c) is the concentrationdependent surface stress tensor, which can be isotropic ͑in which case herringbone or checkerboard patterns result͒ or anisotropic ͑resulting in a unidirectional striped pattern͒. 14 If g(c) is concave, a uniform alloy represents the lowest free energy state, however, phase separation is favored in case of a double-well function. h(c) is usually positive, and therefore promotes domain coarsening to reduce the total domain wall length. f ␣␤ (c), on the other hand, favors domain refinement, due to relaxation at the domain walls, as explained earlier. Since the CoSi 2 layer in this experiment is, at least partially, relaxed, 13 the stability of a uniform layer is determined entirely by the combination of these three factors. In the framework of this model, using typical values for solids, a characteristic SALM period has been estimated to be ͗͘ ϳ80 Å, 14 which is also not far from the experimentally found ϳ64 Å in the present experiment. Since the surface concentrations are different for the two phases, (3ͱ2 ϫ2ͱ2)-R45°ϭ1/6, and (4ͱ2ϫ2ͱ2)-R45°ϭ1/8, this model can also be valid in accounting for the observed phase separation.
In summary, a CoSi 2 layer epitaxially grown on a Si͑001͒ surface by solid phase reaction revealed a variety of surface reconstructions, including (3ͱ2ϫ2ͱ2)-R45°and (4ͱ2ϫ2ͱ2)-R45°in a form of fine SALM, that can be well described in the framework of interacting stress domains, as well as in the framework of surface-modified spinodal decomposition. The fact that they have never been previously reported may have to do with the relaxed state of the layer, e.g., (4ͱ2ϫ2ͱ2)-R45°can be obtained by periodic extended faults, whereas the majority of the reports describe pseudomorphic layers.
